JOURNAL  OfCRYSTAL 

GROWTH 


ELSEVIER 


Journal  of  Crystal  Growth  236  (2002)  155-164 


www.elsevier.com/loeate/jcrysgro 


Surface  morphology  of  homoepitaxial  GaSb  films  grown  on 

fiat  and  vicinal  substrates 

B.Z.  Nosho^’*’\  B.R.  Bennett^  E.H.  Aifer^  M.  Goldenberg'^ 

Naval  Research  Laboratory,  Code  6876,  4555  Overlook  Avenue  SW  Washington,  DC  20375,  USA 
'^SFA,  Inc.,  Largo,  MD  20774,  USA 

Received  2  August  2001;  accepted  28  November  2001 
Communicated  by  A.Y.  Cho 


Abstract 

We  have  compared  the  surface  morphology  of  GaSb  homoepitaxial  films  grown  on  both  flat  and  1°  vicinal  [miscut 
towards  (1  1  1)A]  (001)  substrates  using  atomic  force  microscopy  and  scanning  tunneling  microscopy.  Mound 
formation  is  observed  for  GaSb  homoepitaxy  on  the  flat  substrates  over  a  range  of  growth  temperatures  when  either 
Sb2  or  Sb4  is  used  to  supply  the  group  V  flux.  At  sufficiently  high  growth  temperatures,  which  are  different  depending 
on  whether  Sb2  or  Sb4  is  used,  the  mounds  transform  into  fairly  well-defined  pyramids  comprised  of  distinctly  stacked 
layers  that  are  clearly  separated  by  monolayer-height  steps.  Furthermore,  at  the  tops  of  the  pyramids  are  sharp,  tower¬ 
like  features  that  are  ~15A  in  height.  Mounds  also  appear  during  homoepitaxy  on  the  vicinal  substrates  at  lower 
growth  temperatures;  however,  both  mounds  and  pyramids  can  be  suppressed  when  using  either  Sb2  or  Sb4  by  growing 
at  temperatures  above  ~400°C.  We  discuss  and  compare  qualitatively  the  shape  of  the  observed  mounds  with 
predictions  of  evolving  morphology  based  on  models  of  unstable  epitaxial  growth.  ©  2002  Elsevier  Science  B.V.  All 
rights  reserved. 
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1.  Introduction 

The  “6.1  A”  family  of  compound  semiconduc¬ 
tors,  namely  InAs,  GaSb,  and  AlSb,  and  their 
related  alloys,  offer  much  flexibility  in  hetero- 
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Structure  design  due  to  the  near  lattice  match  and 
variety  of  band  alignments  that  are  possible.  A  key 
issue  when  designing  and  creating  these  hetero¬ 
structures,  particularly  in  samples  containing 
many  repeating  periods,  is  balancing  the  overall 
strain  to  minimize  dislocation  formation.  It  is  thus 
desirable  to  grow  on  substrates  close  to  the  6.1  A 
lattice  constant  to  promote  coherently  strained 
heteroepitaxy.  (In  cases  requiring  semi-insulating 
substrates,  6. 1  A  materials  are  generally  grown  on 
mismatched  GaAs  or  InP  substrates.)  Presently, 
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the  two  commercially  available  substrates  near  the 
6.1  A  lattice  constant  are  InAs  and  GaSb.  Since 
the  lattice  constant  of  GaSb  is  between  that  of 
InAs  and  AlSb,  it  is  often  more  desirable  to  grow 
on  GaSb  substrates  for  lattice  matching  and  strain 
compensation. 

In  previous  years,  growth  on  many  commer¬ 
cially  available  GaSb  substrates  had  been  plagued 
by  the  formation  of  large  oval  defect  mounds 
observed  during  homoepitaxy.  The  defect  mounds 
can  vary  greatly  in  size,  but  generally  grow  larger 
with  increasing  film  thickness.  In  Figs.  1(a)  and 


Fig.  1.  (a)  AFM  image  (10  gm  x  10  gm)  of  a  0.5  gm  GaSb  film 
showing  large  defect  mounds  of  various  sizes,  (b)  A  higher 
magnification  image  (5  gm  x  5  gm)  of  one  of  the  smaller 
mounds  shown  in  (a).  The  height  scales  of  the  images  are  (a) 
20  and  (b)  4nm.  The  mounds  have  been  shown  to  nucleate  over 
polishing  residue. 


(b),  we  show  atomic  force  microscopy  (AFM) 
images  of  defect  mounds  of  various  sizes.  These 
large  defects  have  been  shown  to  be  particularly 
detrimental  to  the  performance  of  infrared  detec¬ 
tors  based  on  lnAs/Ga(In)Sb  superlattices  [1]. 
Recently,  it  has  been  demonstrated  that  these 
defect  mounds  are  attributable  to  disrupted 
growth  over  residue,  primarily  silica  particles,  that 
were  left  behind  from  the  polishing  process  [2]. 
Since  then,  manufacturers  have  implemented 
improvements  into  the  rinsing  process  to  minimize 
polishing  residue. 

With  the  problem  of  the  large  oval  defects 
ostensibly  under  control,  we  focus  our  atten¬ 
tion  on  characterizing  the  evolving  morphology 
of  GaSb  homoepitaxial  films  with  the  goal  of 
obtaining  smooth  buffer  layers.  The  growth  of 
semiconductor  films  by  molecular  beam  epitaxy 
(MBE)  is  generally  envisioned  to  form  relatively 
smooth  surfaces  during  homoepitaxy.  However, 
there  has  been  substantial  experimental  evidence  in 
the  literature  that  unstable  growth  can  arise  even 
during  homoepitaxial  semiconductor  growth  [3-5] 
and  lead  to  the  formation  of  mounds.  While  these 
mounds  are  much  smaller  than  the  aforementioned 
defect  mounds,  it  is  clearly  desirable  to  minimize 
any  surface  roughness  during  the  fabrication  of 
heterostructures  to  preserve  layers  of  uniform 
thickness.  In  this  study,  we  focus  on  examining 
GaSb  films  over  a  range  of  growth  conditions  as 
an  initial  step  towards  identifying  fundamental 
aspects  that  influence  GaSb  epitaxial  growth.  In 
particular,  we  compare  the  surface  morphology  of 
GaSb  films  grown  on  flat  and  vicinal  substrates 
while  varying  both  growth  temperature  and  group 
V  molecular  species,  i.e.,  Sb2  versus  Sb4. 

2.  Experiment 

The  samples  were  grown  in  a  solid-source  111-V 
MBE  machine  equipped  with  separate  cells  to 
produce  Sb2  and  Sb4  fluxes.  [In  this  paper,  we  refer 
to  the  species  produced  from  the  antimony  cracker 
as  Sb2,  although  calculations  [6]  and  experimental 
results  [7]  suggest  that  both  dimers  (Sb2)  and 
monomers  (Sb)  may  be  present  under  our  operat¬ 
ing  conditions.]  The  “epi-ready”  GaSb(OOl) 
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substrates  used  were  either  nominally  flat  or 
vicinal  with  a  1°  miscut  towards  (1  1  1)A.  This 
miscut,  which  creates  terraces  that  are  nominally 
~172A  in  width  in  the  [110]  direction,  was 
chosen  since  the  anisotropic  islands  that  form 
during  antimonide  growth  are  longer  in  the  [110] 
direction  [8,9].  A  custom-designed  holder  was  used 
to  mount  the  two  different  substrates  simulta¬ 
neously  and  thus  allow  for  a  direct  comparison  of 
substrate  orientation  at  a  given  growth  condition. 
Note  that  when  grown  separately,  we  have  not 
observed  any  differences  between  the  flat  and 
vicinal  wafers  in  terms  of  oxide  desorption  and 
phase  transition  temperatures.  Following  thermal 
oxide  desorption  at  «  530°C,  the  GaSb  films  were 
grown  at  various  substrate  temperatures  at  a 
growth  rate  of  0.5ML/s  with  a  2:1  Sb:Ga  true 
flux  ratio.  The  GaSb  growth  rate  was  determined 
from  reflection  high-energy  electron  diffraction 
(RHEED)  oscillations  and  the  Sb  flux  was  deter¬ 
mined  by  finding  several  points  at  which  the 
growth  had  become  group  V  limited.  Thus,  an  Sb 
flux  of  “1  ML/s”  would  be  just  sufficient  to  sustain 
a  growth  rate  of  1  ML/s.  The  samples  were  quen¬ 
ched  (substrate  heater  power  to  zero)  under  a 
1  ML/s  Sb  flux  immediately  following  the  growth. 
The  Sb  shutter  was  closed  when  the  substrate 
temperature  reached  a  200°C.  Samples  studied  by 
scanning  tunneling  microscopy  (STM)  were  trans¬ 
ferred  in  vacuo  to  the  analysis  chamber.  All  other 
samples  were  characterized  in  air  by  AFM. 

3.  Results  and  discussion 

In  Fig.  2,  we  show  a  series  of  AFM  images  that 
illustrate  the  different  surface  morphologies  of 
0.5  pm  GaSb  films  grown  on  both  flat  [Figs.  2(a)- 

(d) ]  and  vicinal  [Figs.  2(e)-(h)]  GaSb  substrates  at 
various  substrate  temperatures.  To  help  facilitate 
comparison  of  the  relative  surface  roughness,  the 
height  scale  of  all  the  images  except  Figs.  2(d)  and 

(e)  is  7.5  nm.  Due  to  the  larger  range  in  the 
topography,  these  two  images  are  displayed  using 
a  height  range  of  15  nm.  The  differences  in  the 
evolving  morphology  as  a  function  of  growth 
temperature  are  readily  apparent  for  both  types  of 
substrates. 


Flat  (001)  r-off(OOI) 


Fig.  2.  AFM  images  (5  |am  x  5  gm)  of  0.5  gm  GaSb  films  grown 
using  Sb2  on  (a-d)  flat  and  (e-h)  1°  vicinal  GaSb(OOl) 
substrates;  the  height  scale  in  (d)  and  (e)  is  15nm  and  is 
7.5  nm  in  the  others. 

On  the  flat  substrates,  we  always  observe  the 
presence  of  mounds  on  the  surface.  As  the  growth 
temperature  increases,  the  density  of  the  mounds 
decreases  while  both  the  perimeter  and  vertical 
height  of  the  mounds  increases.  In  Figs.  2(a)  and 
(b),  the  mounds  exhibit  a  hemispherical-type  shape 
that  results  in  a  “cobblestone”-like  appearance  of 
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the  surface.  In  this  case,  the  hemispherical  shape  is 
likely  an  imaging  artifact  that  is  due  to  the  lateral 
resolution  of  the  AFM  probe  tip.  By  a  growth 
temperature  of  420°C  or  higher  [Figs.  2(c)-(d)],  the 
shape  of  the  mounds  resembles  a  pyramid-type 
structure  with  a  square  or  rectangular  base. 

There  are  many  reports  in  the  literature 
describing  the  formation  of  mounds.  In  these 
reports,  two  basic  mechanisms  have  been  shown  to 
lead  to  mound  formation.  The  first,  and  more 
common  explanation,  is  the  presence  of  the 
Ehrlich-Schwoebel  (ES)  barrier  at  the  down  step 
that  effectively  creates  a  bias  for  adatoms  moving 
across,  or  incorporating  into,  steps  [10,11].  The 
increased  barrier  at  the  down  step  reduces  the 
attachment  to  the  lower  step,  thus  in  turn 
increasing  the  attachment  into  the  up-steps.  Since 
adatoms  cannot  diffuse  as  easily  down  steps  to 
equalize  the  terraces,  the  tendency  is  to  grow 
upwards  and  form  the  mounds  [3,12-15].  The 
second  mechanism  for  mound  formation  involves 
the  diffusion  of  adatoms  along  step  edges  [16,17]. 
When  there  are  asymmetric  diffusion  processes 
along  steps  due  to  corners  or  kinks,  there  is  a 
tendency  for  adatoms  to  move  closer  to  the  step 
(and  to  higher  coordinated  sites)  rather  than  move 
away  or  off  the  step.  The  net  result  is  an  “uphill” 
current  that  can  also  lead  to  mound  formation. 
Indeed,  it  has  been  demonstrated  that  mounds  can 
form  by  this  mechanism  without  the  presence  of  an 
ES  barrier. 

A  higher  magnification  view  of  the  pyramid 
mounds  in  Figs.  2(c)  and  (d)  are  shown  in 
Figs.  3(a)  and  (d),  respectively.  To  illustrate  the 
morphology  more  clearly,  these  figures  are  also 
presented  as  derivative  images  in  Figs.  3(b)  and  (e) 
and  three-dimensional  renderings  in  Figs.  3(c)  and 
(f),  respectively.  The  pyramids  are  comprised  of 
concentric  layers  that  form  a  “wedding  cake” 
structure,  where  each  flat  terrace  is  separated  by 
monolayer-height  (~3A)  steps.  Although  similar 
in  appearance,  this  type  of  mound  morphology  is 
different  from  the  spiral  mounds  that  form  and 
grow  around  screw  dislocations  during  GaSb 
growth  on  GaAs  [18-20]  in  that  each  layer  is 
clearly  distinct  from  the  others.  Furthermore,  the 
widths  of  the  terraces  on  the  pyramids  appear 
remarkably  uniform  in  both  the  [1  1  0]  and  [I  1  0] 


directions.  While  the  formation  and  evolution  of 
mounds  reflect  kinetic  aspects  of  growth,  the 
pyramids  and  regularly  spaced  terraces  are  more 
indicative  of  equilibrium  structures. 

At  the  tops  of  the  pyramid  mounds,  there 
additionally  appear  to  be  sharp,  narrow  towers, 
or  “flagpole”-like  structures,  that  are  ~15A  in 
height.  While  flagpoles  appear  at  all  the  pyramid 
peaks,  we  note  that  this  is  not  the  only  place  where 
they  are  observed.  This  is  particularly  clear  in 
Figs.  3(d)  and  (e)  where  many  of  the  flagpoles  are 
not  at  pyramid  peaks.  We  believe  that  these 
flagpoles  likely  resulted  from  the  coalescence  of 
pyramids  as  they  grew  larger  and  eventually  into 
each  other.  In  the  circled  areas  in  Figs.  3(d)  and 
(e),  the  tops  of  pyramids  that  have  not  yet  been 
fully  incorporated  into  neighboring  pyramids  are 
just  observable.  It  is  also  interesting  that  there  are 
still  observable  flagpoles  at  many  places  where 
there  is  no  other  evidence  of  the  pyramid  upon 
which  it  was  presumably  created.  This  raises  the 
question  as  to  what  happens  to  the  towers  as 
pyramids  meet  and  coalesce.  If  the  flagpoles  all 
initially  nucleate  at  the  tops  of  pyramid  mounds, 
this  could  imply  that  they  are  not  easily  grown 
over  and,  to  some  degree,  continue  to  advance 
with  the  surface.  These  towers  are  clearly  undesir¬ 
able  features  for  buffer  layers  where  flat  surfaces 
are  generally  preferred.  Furthermore,  these  fea¬ 
tures  may  also  adversely  affect  the  properties  of  a 
heterostructure  by,  for  example,  influencing  the 
epitaxy  locally  or  offering  other  paths  for  carriers 
through  heterostructures. 

The  towers  that  form  at  the  top  of  the  pyramids 
are  reminiscent  of  structures  predicted  by  kinetic 
models  that  implement  an  ES  barrier  [3,12-15].  In 
a  “minimal”  model  of  epitaxial  growth,  Krug 
investigated  the  evolving  surface  morphology 
when  interlayer  transport,  i.e.,  transport  across 
steps,  was  completely  inhibited  by  an  infinite  ES 
barrier  [12].  The  result  was  the  emergence  of  sharp 
peaks  or  towers  at  the  tops  of  the  mounds  that 
strongly  resemble  the  flagpole  structures  that  we 
observe.  However,  while  the  qualitative  agreement 
describing  the  flagpoles  is  reasonable,  further 
attempts  to  fit  the  shape  of  the  observed  pyramid 
structure  to  the  shape  predicted  analytically  by  this 
simple  model  did  not  yield  satisfactory  agreement 
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Fig.  3.  (a)  A  high  magnification  view  of  a  pyramid  from  Fig.  2(c)  showing  the  concentric  layer  structure.  In  (b)  and  (c)  are  shown  a 
derivative  view  and  three-dimensional  rendering,  respectively,  of  the  image  in  (a),  (d)  A  2.5  pm  x  2.5  pm  AFM  image  of  the  pyramids  in 
Fig.  2(d),  also  shown  with  a  derivative  and  three-dimensional  view  in  (e)  and  (f),  respectively.  In  (d-f),  it  is  evident  that  some  flagpoles 
are  located  at  positions  other  than  at  the  peaks  of  the  pyramids;  the  circled  peaks  appear  to  be  remnants  from  a  pyramid  that  has  been 
grown  over  by  another. 


in  the  surface  morphology.  The  infinite  ES  barriers 
preclude  the  possibility  of  an  incorporation 
mechanism  to  lower  terraces.  As  a  result,  the 
mounds  would  tend  to  grow  in  height,  and  would 
also  fill  in  the  lower  terraces  slowly.  This 
phenomenon,  referred  to  as  the  “Zeno  effect”, 
would  result  in  deep  cracks  forming  between  the 
mounds  [21] — a  morphological  feature  that  is  not 
observed.  Other  models  that  include  edge  diffusion 
have  avoided  forming  these  cracks,  indicating  that 
there  is  some  contribution  likely  from  this  effect. 
This  would  seem  reasonable  given  the  lack  of 
evidence  pointing  towards  large  ES  barriers  on 
semiconductor  surfaces. 

One  possibility  for  avoiding  potential  pitfalls 
that  might  arise  due  to  mounds  or  flagpoles  is  the 
use  of  thin  buffer  layers.  In  addition,  examination 
of  thin  films  may  provide  insight  towards  the  early 
stages  of  mound  formation.  It  is  well  known  that 
thermally  removing  the  oxide  on  semiconductor 
substrates  often  creates  a  substantial  amount  of 
surface  roughness.  Following  oxide  removal,  a 
buffer  layer  is  usually  grown  both  to  smoothen  the 
surface  as  well  as  to  add  distance  from  the 
contamination  at  the  substrate-epilayer  interface. 
An  AFM  image  of  a  GaSb  substrate  after  oxide 


removal  is  shown  in  Fig.  4(a).  The  roughness 
appears  uniform  across  the  surface  and  the 
topography  range  of  the  image  is  50  nm.  Typical 
line  profiles  across  the  surface  reveal  corrugations 
on  the  surface  of  order  15  nm.  After  a  growth  of 
300  A  of  GaSb  [Fig.  4(b)],  the  surface  already 
appears  to  have  smoothed  out  much  of  the 
roughness  from  oxide  removal,  but  it  is  also 
apparent  that  the  pyramid  mounds  have  already 
begun  to  form.  There  are  also  several  examples  of 
the  early  stages  of  pyramid  growth  that  appear  as 
two  or  three  stacked  layers.  It  is  clear  in  Fig.  4(b) 
that  the  surface  is  much  flatter  than  the  0.5  pm 
GaSb  fllm  grown  under  nominally  identical  con¬ 
ditions  [Fig.  2(d)].  Furthermore,  the  mounds  that 
have  formed  on  the  thin  buffer  layer  are  much 
smaller  and  do  not  exhibit  any  evidence  of 
flagpoles. 

Another  possibility  for  preventing  or  limiting 
mound  formation  is  to  grow  on  vicinal  substrates. 
Studies  of  GaAs  epitaxy  have  shown  that  RHEED 
oscillations  decay  more  quickly,  or  are  absent,  for 
growth  on  vicinal  substrates  under  conditions 
similar  to  those  that  would  result  in  oscillations 
on  nominally  flat  substrates  [22].  The  interpreta¬ 
tion  of  this  result  was  that  the  higher  step  density 
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Fig.  4.  AFM  images  (5  gm  x  5  nm)  of  a  GaSb  substrate  after: 
(a)  oxide  removal  and  (b)  growth  of  300  A  of  GaSb.  The  height 
scale  in  (a)  is  50  nm. 


promotes  step-flow  growth  by  decreasing  the 
diffusion  length  required  for  adatoms  to  diffuse 
and  incorporate  into  steps.  Preliminary  measure¬ 
ments  in  our  laboratory  suggest  that  GaSb 
homoepitaxy  is  similar  as  RHEED  oscillations 
are  more  easily  observed  on  nominally  flat 
GaSb(OOl)  substrates  than  on  vicinal  substrates. 
While  this  appears  to  be  initially  promising,  the 
instability  of  step-flow  growth  on  vicinal  surfaces 
was  first  examined  in  detail  by  Bales  and  Zangwill 
[23].  Although  step-flow  growth  on  vicinal  surfaces 
has  generally  been  regarded  to  be  stable  [3],  the 
analysis  of  Bales  and  Zangwill  surmised  that  with 


increasing  deposition  flux,  the  nature  of  growth  on 
a  vicinal  surface  progresses  from  stable  step  flow 
to  both  unstable  step  flow  and  even  two-dimen¬ 
sional  nucleation.  The  trend  we  observe  in 
morphology  in  Figs.  2(e)-(h)  shows  good  agree¬ 
ment  with  this  supposition  since  both  increasing 
deposition  flux  and  decreasing  growth  temperature 
should  affect  growth  similarly  by  decreasing  the 
ratio  of  surface  diffusion  to  deposition  flux.  The 
observation  of  mound  formation  on  the  vicinal 
substrates  in  Figs.  2(e)  and  (f)  indicates  that  at 
these  lower  growth  temperatures,  the  growth  of 
GaSb  is  more  diffusion  limited. 

At  higher  growth  temperatures  [Figs.  2(g)  and 
(h)],  the  surfaces  appear  smoother  and  the  mounds 
are  no  longer  observed.  While  these  surfaces 
appear  to  be  textured  with  patches  of  depressed 
areas,  we  note  that  this  is  an  artifact  of  image 
flattening.  A  higher  magnification  view  of  the 
surface  in  Fig.  2(g)  is  shown  in  Fig.  5(a).  The 
observable  steps,  which  nominally  run  vertically  in 
this  image  and  are  just  barely  resolvable,  indicate 
that  at  these  conditions,  the  surface  has  evolved  in 
a  step-flow  manner.  The  depressed  areas  are  local 
regions  that  have  a  higher  step  density  than  that  of 
the  actual  miscut.  This  is  more  clearly  illustrated  in 
Fig.  5(b)  by  a  plan-view  STM  image  of  a  GaSb 
film  grown  at  ~450°C.  It  is  evident  that  all  the 
surface  steps  decline  in  the  same  direction  and  that 
the  contrast  changes  observed  are  due  to  the 
changes  in  step  density.  This  morphology  agrees 
well  with  models  of  unstable  step-flow  growth 
where  the  step  meandering  can  create  ripples  on 
the  surface  [24]. 

It  has  long  been  realized  that  the  group  V 
molecular  species,  i.e.,  monomer,  dimer,  or  tetra- 
mer,  is  a  growth  parameter  that  can  affect  epitaxial 
growth  and  device  properties  [25-29].  These 
studies  illustrated  that  by  varying  the  group  V 
species  during  homoepitaxial  growth,  notable 
differences  could  be  observed  both  during  growth 
by  RHEED  oscillations  as  well  as  post-growth  by 
characterization  of  the  evolving  surface  structure 
or  device  properties.  In  heteroepitaxy,  the  scenario 
can  be  even  more  complicated,  particularly 
in  structures  containing  both  As  and  Sb,  as 
the  choice  of  group  V  species  affects  not  only  the 
growth  of  a  given  layer,  but  can  also  influence  the 
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Fig.  5.  (a)  A  higher  magnification  AFM  image 
(1.2  gmx  1.2  gm)  of  the  surface  shown  in  Fig.  2(g).  (b)  Plan- 
view  STM  image  (150nm  x  150nm)  of  a  thin  GaSb  film  grown 
at  ~450°C.  Some  areas  appear  darker,  or  depressed,  after  a 
plane  subtraction  due  to  a  higher  local  step  density. 


degree  of  anion  exchange  at  interfaces  [30-34]. 
Since  tetramers  are  generally  found  to  be  less 
reactive  than  dimers  in  exchange  reactions,  there 
are  potential  advantages  to  growing  with  tetramer 
species.  To  this  end,  we  examined  the  surface 
morphology  of  GaSb  hlms  grown  using  Sbg. 

In  Fig.  6,  we  show  a  series  of  AFM  images 
grown  under  the  same  conditions  as  those  in 
Fig.  2,  but  using  Sb4  instead  of  Sb2.  The  height 
scale  for  all  the  images  is  7.5  nm,  except  for 
Figs.  6(a)  and  (e),  which  have  a  height  scale  of 


Flat  (001)  1  “-off  (001) 


Fig.  6.  AFM  images  (5  pm  x  5  pm)  of  0.5  pm  GaSb  films  grown 
using  Sb4  on  (a-d)  flat  and  (e-h)  1°  vicinal  GaSb(OOl) 
substrates.  The  height  scale  in  (a)  and  (e)  is  15nm  and  is 
7.5  nm  in  the  others. 


15nm  due  to  their  larger  range  in  topography. 
Although  we  have  found  that  films  grown  with  Sb4 
are  slightly  smoother  in  terms  of  RMS  roughness, 
the  use  of  Sb2  or  Sb4  during  growth  does  not 
appear  to  dramatically  affect  the  qualitative 
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morphology  of  GaSb  films  grown  on  the  vicinal 
substrates  [Figs.  6(e)-(g)].  Interestingly,  when 
comparing  growth  on  flat  substrates,  we  find 
clearly  different  trends  in  the  morphology  with 
temperature  when  Sb4  [Figs.  6(a)-(c)]  rather  than 
Sb2  [Figs.  2(a)-(c)]  is  used.  While  growth  with  Sb2 
results  in  the  pyramid  mounds  that  increase  in  size 
as  the  growth  temperature  is  increased,  growth 
with  Sb4  yields  surfaces  that  get  smoother  with 
increasing  temperature  over  this  range.  Although 
the  bases  of  the  mounds  are  generally  larger,  the 
heights  of  the  mounds  are  decreasing,  giving  rise  to 
the  decreasing  RMS  roughness. 

These  differing  trends  on  flat  substrates  seem  to 
indicate  that  significant  differences  in  the  Sb2 
versus  Sb4  incorporation  mechanisms  may  exist 
and  are  possibly  affecting  the  diffusion  of  Ga  over 
or  along  the  steps.  As  discussed  above,  these  are 
the  two  known  mechanisms  that  drive  unstable 
epitaxy  and  mound  formation.  It  is  possible  that 
the  surface  diffusion,  which  must  play  a  critical 
role  in  pyramid  formation,  can  differ  when  Sb4  is 
used  versus  Sb2.  When  group  III  atoms  attach 
onto  steps,  there  must  also  be  a  sufficient  surface 
flux  of  group  V  atoms  present  to  incorporate  and 
fix  the  atoms  into  the  step.  When  there  are  not 
sufficient  group  V  atoms  available,  the  group  III 
atoms  may  be  able  to  detach  more  easily  from  the 
step  [35].  Since  group  V  tetramers  incorporate  via 
a  second-order  reaction,  it  is  possible  that  atoms 
detach  from  steps  (perhaps  minimizing  mound 
formation)  more  easily  when  using  tetramers  as 
compared  to  equivalent  fluxes  of  dimers.  In 
another  study  of  GaAs  epitaxy,  Tersoff,  Johnson 
and  Orr  have  indicated  that  MBE  growth  can  take 
place  close  to  equilibrium  [36].  From  this,  it 
follows  that  the  Ga  chemical  potential,  which 
drives  surface  diffusion,  depends  not  only  on  the 
As  pressure,  but  also  on  the  As  molecular  species. 
Although  no  equivalent  comparison  of  theory  and 
experiment  has  been  yet  done  for  GaSb,  an 
analogous  picture  would  also  indicate  a  depen¬ 
dence  of  the  Ga  surface  diffusion  on  the  Sb  flux 
and  species. 

At  the  highest  growth  temperature  examined 
[Fig.  6(d)],  an  interesting  change  occurs  in  the 
morphological  trend  as  the  mounds  have  not  only 
increased  in  size  but  have  also  developed  into  the 


pyramid  structures  that  were  described  earlier 
when  Sb2  was  used  during  growth.  This  transition 
from  the  “rounded”  mounds  to  the  well-defined 
pyramids  was  observed  at  a  higher  temperature 
than  when  Sb2  was  used.  If  surface  diffusion  drives 
the  mound  formation,  then  one  possible  scenario  is 
that  Sb4  has  changed  the  minimal  growth  tem¬ 
perature  required  to  lead  to  pyramid  formation. 
Another  possibility  is  that  the  incorporation 
kinetics  of  Sb4  has  substantially  changed  due  to 
the  increased  substrate  temperature.  At  growth 
temperatures  above  ~450°C,  the  trend  in  mor¬ 
phology  is  similar  to  that  observed  when  Sb2  is 
used  (well-defined  pyramids  increasing  in  size) 
indicating  that  growth  with  Sb4  has  begun  to 
behave  qualitatively  similar  to  growth  with  Sb2. 
This  type  of  qualitative  change  in  the  growth 
behavior  with  increasing  temperature  has  also 
been  observed  recently  in  film  stability  studies 
comparing  the  effect  of  AS4  versus  As2  on  InAs/ 
GaSb  superlattices  [34].  Unfortunately,  studies 
detailing  the  group  V  incorporation  mechanisms 
on  (001)  surfaces  have  revolved  primarily  around 
GaAs  growth  [26,28,37-39],  with  little  attention 
having  been  devoted  towards  antimonides. 
Although  some  kinetic  models  of  the  As  incor¬ 
poration  kinetics  have  been  fit  reasonably  well  for 
GaAs  for  limited  scenarios,  it  is  still  unclear  if 
analogous  mechanisms  even  exist  for  antimonide 
growth.  Furthermore,  even  if  the  mechanisms  are 
similar,  it  is  still  not  clear  how  substrate  tempera¬ 
ture  might  affect  the  adsorption,  and  possibly 
cracking,  of  tetramers  on  the  surface  as  group  V 
atoms  are  incorporated  during  growth. 

4.  Conclusions 

We  have  used  scanning  probe  microscopy  to 
characterize  experimentally  the  surface  morphol¬ 
ogy  of  GaSb  homoepitaxial  films  grown  on  both 
flat  and  vicinal  (001)  substrates  using  both  Sb2 
and  Sb4.  When  using  Sb2,  we  always  observe  the 
presence  of  mounds  on  the  flat  substrates.  At 
lower  growth  temperatures  (~390°C  and  lower), 
the  mounds  have  a  more  rounded  appearance  with 
details  of  step  structure  difficult  to  discern  with 
AFM.  At  higher  growth  temperatures,  the  mounds 
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evolve  as  pyramids  comprised  of  distinctly  stacked 
layers  that  are  clearly  separated  by  monolayer- 
height  steps.  Furthermore,  as  the  growth  tempera¬ 
ture  is  increased,  the  mound  and  pyramid  sizes 
increase  while  the  density  decreases.  Interestingly, 
at  the  tops  of  the  pyramids,  there  are  sharp,  tower- 
like  features  that  are  ~  15  A  in  height. 

When  changing  the  molecular  group  V  species 
used  during  growth  from  Sb2  to  Sb4,  we  again 
observe  the  presence  of  mounds  on  the  flat 
substrates  at  all  temperatures  examined.  However, 
in  contrast  to  growth  using  Sb2,  we  find  that  the 
height  of  the  mounds  (as  well  as  the  RMS 
roughness)  decreases  as  the  growth  temperature 
is  increased  from  350°C  to  420°C.  A  further 
increase  in  growth  temperature  to  450°C  changes 
the  morphology  as  the  mounds  have  changed  to 
the  pyramid  structure  and  have  begun  to  increase 
in  size. 

The  surface  morphologies  of  GaSb  homoepitax- 
ial  hlms  grown  on  the  vicinal  substrates  are 
qualitatively  similar  when  either  Sb2  or  Sb4  is 
used.  Up  to  ~  390°C,  a  high  density  of  mounds  is 
observed  that  likely  indicates  a  diffusion-limited 
nature  to  the  growth.  At  higher  temperatures, 
mound  and  pyramid  formation  is  suppressed  for 
both  Sb2  and  Sb4  as  the  growth  has  proceeded  in  a 
step-flow  manner  resulting  in  much  smoother 
surfaces  with  clearly  observable  steps. 
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